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1. Introduction 
  Groundwater recharge is one of the most important hydrological parameters, which is critical 
for sustainable water development in semi-arid regions (Scanlon and Keese, 2006). In some cases, 
a continuous growth in human supplying demand on natural water supplies has resulted in a 
critical status of groundwater recharge (Devlin and Sophocleos, 2005). Sustainable management 
of groundwater to meet increasing human demands requires accurate estimates of groundwater 
recharge (Scanlon and Keese, 2006). 
Piedmont plain corresponds to the recharge zone of Quaternary sediments, in which 
groundwater dynamics has been documented for the groundwater resource protection (Rohden et 
al., 2010; Wang et al., 2010). Nevertheless, it is short of recharge information in a fault-influenced 
piedmont plain, and study of the isotopic geochemistry of deep groundwater resource is rather 
sparse, especially in alluvial-proluvial fan area. Furthermore, the efforts to use appropriate 
environmental tracers combined with hydraulic data available to solve groundwater recharge 
issues in alluvial-proluvial fan area of piedmont plain are even fewer or non-existent.  
All these aspects coexist in Jiaozuo area in North Henan plain, which is a piedmont plain 
including the alluvial and proluvial fan area, and a reginal normal fault is located along the 
northern mountain edge, buried by quaternary deposits in piedmont plain. It is necessary to 
illuminate whether the fault acts as a conduit or a barrier, when the recharge in basin aquifer is 
considered (Bense and Person, 2006; Chowdhury et al., 2008).  
  The objective of this thesis is to characterize the groundwater recharge processes in deep 
aquifer of alluvial- proluvial fan with groundwater withdrawal, meanwhile the role of normal fault 
is expected to be identified. Within this context, a schematic diagram of the current condition of 
groundwater flow is constructed based on the hydrochemical evolution and EMMA (End member 
mixing analysis), which is expected to acquire insight into recharge regime of alluvial-proluvial 
deep aquifer in piedmont plain. 
 
2. Study area 
Jiaozuo area lies in the piedmont plain of North Henan plain in central China, extending 
between latitudes of 35.00°- 35.31°N and longitude of 112.95°- 113.26°E, which borders Qinhe 
River basin to the west and south, Xishihe River basin to the east and to the north the Taihang 
mountain region, with the elevation ranging from 500 m to 1000 m, as illustrated in Figure 1. 
Qinhe River and Xishihe River dries up in the mountain front region and form the alluvial and 
proluvial fan, respectively (Pan. 1996; Pan et al., 2009). Two profiles are augured in western 
Danhe River alluvial fan and eastern Xishihe River proluvial fan in foothills region respectively to 
identify the recharge process in an alluvial-proluvial fan system (Figure 1). 
  Jiaozuo area is characterized by a temperate continental monsoon climate, which is hot in 
summer (June- August) and cold in winter (December- March). The mean annual precipitation 
ranges from 550 to 750 mm and mean annual evaporation is around 1170 mm. About 70% of 
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annual rainfall concentrates in rainy season which is from June to September (Pan et al., 2009).  
  Two major geomorphic zones are included, mountainous area in the north and piedmont plain 
area in the south. With the average gradient of about 2‰, piedmont plain area can be subdivided 
into alluvial- proluvial fan area (elevation 100-200m) and alluvial plain area locates below 100m 
(Figure 1).  
 
Figure 1: The location and DEM model (ASTER) of the study area. The longitudinal profile of 
DEM model along the 0- 0’ cross- section 
 
3. Methodology 
  Field surveys in Jiaozuo area were performed in successive years: 2013 (October), 2014 
(August). Water samples collected in October represent dry season and those taken in August 
represent rainy season. Samples were collected from mountain region, as well as the alluvial- 
proluvial fan and alluvial plain. All the water samples were collected in polyethylene bottles, filled 
to overflowing and capped, then filtered (0.45μm membrane filters) for isotope analysis.  
Chemical and isotopic compositions of water samples were analyzed in the laboratory of 
Graduate School of Life and Environmental Sciences, University of Tsukuba. Samples for stable 
isotope analysis (18O, 2H) were measured by Finnigan MAT 252, analyses for 18O and 2H are 
expressed in δ- notation relative to Vienna standard mean ocean water (V- SMOW) standards. The 
δ18O and δD measurement were reproducible to ±0.1‰ and ±1‰, respectively. 
 
4. Results and discussion 
4.1 The role of normal fault in the mountain-front recharge 
Zhucun fault is buried beneath the Quaternary aquifer in northern edge of piedmont plain and 
penetrates the basement. Quaternary aquifer in piedmont plain in North Henan Plan mainly 
incorporates local precipitation, lateral flow of fracture water in bedrock and karst water (Gao. 
2008). However, Drop height of hanging wall and footwall of the Zhucun fault varies from 700 to 
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1000 m, which results in the Ordovician karst aquifer of the footwall joined to the Carboniferous- 
Permian aquitard and Cenozoic stratum of the hanging wall, and such tectonic structure suggests 
the Zhucun fault act as a barrier hindering karst water flow to the basin and meanwhile may form 
a conduit for the water moving along the normal fault. Additionally, Quaternary aquifer only 
reaches a total thickness of less than 100m in foothill region, while the Ordovician karst aquifer is 
buried beneath the Carboniferous- Permian stratum with the thickness ranges from 350 to 400m, 
indicating a very limited vertical hydraulic conductivity between the karst aquifer and the 
overlying Quaternary sedimentary layers. Meanwhile, considering the occurrence of bedrock 
outcrop and few wells drilled in mountain boundary, it is possible to conclude that aquifer in 
mountain boundary is not widely distributed, indicating no effective geological connectivity 
between mountain aquifer and Quaternary aquifer in piedmont plain. 
Hydrochemical facies allow distinct groundwater sources to be differentiated in mountain and 
plain aquifers. The mountain water samples are variable in their major ion compositions, though 
spring water are generally Ca+Mg rich with sulfate the dominant anion type, meanwhile the 
similar facies are also encountered in mountain wells, provided they are in the vicinity of fault 
zones, suggesting an efficient flow path through tectonic structures. However, groundwater in 
alluvial-proluvial fan has a different water type, which defines a Ca·Mg-HCO3·SO4 facies. It is 
suggested that groundwater in fan area could possibly be formed by the different hydrochemical 
processes. 
To summarize, this hydrochemical information, together with tectonic structure characteristics, 
indicate that there is no lateral or vertical upward recharge from the mountain region provides 
water to the sedimentary aquifer in the basin, which is inferred that Zhucun normal fault forms the 
southern boundary of water movement in mountain region.   
 
4.2 Recharge source of deep groundwater in alluvial- proluvial fan area 
As shown in Figure 2, deep groundwater in southern alluvial plain is expected to be 
characterized by the same general recharge source due to its isotopic composition similar to the 
deep confined groundwater in North Henan Plain in both dry and rainy season, which was formed 
during the late Pleistocene and Holocene (Gao. 2008). Furthermore, deep water in northern 
alluvial-proluvial fan area should be recharged during the same period due to the continuous deep 
confined aquifer. However, deep groundwater in fan area reveals the different isotopic 
composition, which is significantly heavier than that of deep water in alluvial plain. Considering 
no recharge from mountain region provides water to the sedimentary aquifer of plain area, it is 
supposed that shallow groundwater in fan area contributes a relatively enriched δ18O value to the 
deep water in alluvial- proluvial fan.  
Considering the hydraulic head data indicates the flow direction and potential to transmit water 
to the receiving water body (T Praamsma et al., 2009), deep water in fan area incorporates 
overlying shallow groundwater can also be evidenced by the contour line of hydraulic head 
indicated in Figure 3 and Figure 4, in which the hydraulic head value is calculated by the water 
table and well screen depth during dry and rainy season. In addition, water table depth has reached 
to more than 12.0m below land surface in rainy season, suggesting the direct infiltration of rainfall 
could not form the rapid recharge in the short term owing to the large depth to the water table and 
it may be difficult for the aquifer of plain area to receive direct precipitation recharge. 
Consequently, it is supposed that shallow groundwater percolates to deep aquifer in alluvial- 
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proluvial fan, resulting in the smooth connection between phreatic and deep water in fan area. 
 
Figure 2: Isotopic composition of water samples in dry and rainy season 
 
Therefore, in this mixing process, one end- member (C1) should be vertical inflow from shallow 
aquifer in fan area, which contributes a relatively enriched δ value to the subjacent deep water. 
The other end- member (C2) is characterized by depleted δ values of stable isotopes in piedmont 
plain, which meets the requirement of a much depleted δ value source, as shown in Figure 2 and 
Figure 3. Additionally, the δ value of deep groundwater in alluvial-proluvial fan area can be taken 
as a mixing end- member.  
Previous studies have shown that oxygen stable isotope composition of water have the potential 
for use in tracing groundwater sources, which makes δ18O value the optimal tracer for the mixing 
model. Meanwhile the average isotopic compositions of the two end- members are employed to 
calculate the mixture ratio. The relative contribution to deep water in fan area (f-DW) between 
shallow water in fan area (f-SG) and deep water in piedmont plain (p-DW) can be derived from a 
conventional two end member mixing equation in terms of δ18O values (Clark and Fritz, 1997): 
Rf-SG = (δ
18Of-DW-δ
18Op-DW)/(δ
18Of-SG-δ
18Op-DW)         (1) 
Rp-DW = 1-Rf-SG                           (2) 
where Rf-SG and Rp-DW are the fractions of shallow water in fan area and deep water in piedmont 
plain, respectively. 
 
4.3 Groundwater mixing processes in alluvial-proluvial fan area 
Integrated with a mixing model of groundwater with δ18O value and the variations of hydraulic 
head during dry and rainy season, the water samples in Jiaozuo piedmont plain are respectively 
shown in Figure 3 and Figure 4 along the profile 1-1’ in western Danhe River alluvial fan, and 2-2’ 
in eastern Xishihe River proluvial fan, meanwhile constitute a schematic diagram of groundwater 
mixing processes. It is hoped that this schema will enhance the understanding of shallow 
groundwater intrusion in alluvial-proluvial fan area. 
Along the profile 1-1’ in Danhe River alluvial fan (Figure 3), it is noted that infiltration of 
shallow groundwater is greatest in the foothills (DG50) and its contribution decreases with 
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increasing distance from the fault. The hydraulic gradient is expected to produce groundwater 
flow from Danhe River alluvial fan to the alluvial plain and the shallow groundwater recharge 
system is as far as 10 km to the south. However the limited contribution of shallow water to 
proximal-fan (DG57) can be attributed to the possible impermeable layers that somewhere overly 
the deep aquifer in proximal fan. Additionally, the water table decline in alluvial plain in rainy 
season exhibits a hydraulic head variation and may result in the shallow water contribution in 
distal- fan (DG38-1) increased, however no discernable change occurred in the isotopic results of 
deep wells in alluvial plain during the period of water table drawdown, indicating no isotopic 
evidence of deep water in alluvial plain incorporates the mixing water. 
Along the profile 2-2’ in Xishihe River proluvial fan (Figure 4), the result of mixing analysis 
shows a similar mixing trend as in Danhe River alluvial fan, which the mixture ratio declines with 
the increasing distance away from the fault. However the shallow water contribution is much 
reduced especially in mid- fan region (DG9-1) located in a depression cone. It is supposed that the 
downward groundwater flow to deeper aquifer is hindered by the possible aquitard widely 
distributed above the deep aquifer of proluvial fan. Meanwhile, mixing process in Xishihe River 
proluvial fan reaches about 6 km away from the fault, which exhibits a relative limited scale, 
indicating that the shallow groundwater to deep groundwater connections are more limited in 
proluvial fan area compared with alluvial fan, which may form a more complex groundwater flow 
pattern in proluvial fan area. 
 
 
Figure 3: Results of end member mixing analysis in Danhe River alluvial fan (Rf-SG and Rp-DW is 
the mixture ratio of shallow groundwater and deep groundwater). 
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Figure 4: Results of end member mixing analysis in Xishihe River proluvial fan (Rf-SG and Rp-DW 
is the mixture ratio of shallow groundwater and deep groundwater). 
 
5. Conclusions 
The isotopes linked with hydrochemical data have proven to be effective in helping understand 
recharge process within the aquifer. This comprehensive analysis led to the identification of 
shallow water intrusion to the deep aquifer of alluvial-proluvial fan area of piedmont plain. In 
addition, it has been concluded that the normal fault in the piedmont plain boundary acts as a 
barrier, suggesting no lateral or vertical upward recharge provides water to the basin aquifer. It is 
implied that the deep aquifer in alluvial-proluvial fan is not influenced by mountain-front recharge. 
Therefore, shallow groundwater leakage in alluvial-proluvial fan area and deep groundwater in 
piedmont plain are the two main end sources of mixing deep groundwater in alluvial- proluvial 
fan. 
The results demonstrate that the average contribution of the shallow groundwater is estimated to 
be 25%- 70% in deep aquifer of fan area according to binary end-member mixing analysis 
(EMMA) for δ18O values, and the mixing ratio of shallow groundwater declines with increasing 
distance away from the fault.  
Additionally, it is implied that impermeable layers would primarily influence the mixing 
process in proluvial fan area more than alluvial fan on this site, and meanwhile result in 
groundwater recharge in proluvial fan exhibits a relatively more limited mixture scale and a 
specific groundwater flow pattern. 
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